The doublecortin (Dcx) and doublecortin-like kinase 1 (Dclk) genes are developmentally expressed neuronal microtubule-associated proteins. Humans with DCX mutations show a severe defect in hippocampal development, but targeted deletion in mouse shows only a defect in pyramidal neuron lamination. There is significant sequence overlap between Dcx and Dclk, suggesting functional redundancy. Here we show that the two genes display overlapping expression patterns in developing mouse hippocampus. Targeted deletion of Dclk shows no appreciable developmental defect in the hippocampus, but removal of both genes shows severe hippocampal lamination defects involving the entire cornu ammonis and dentate gyrus fields that mimic the human phenotype. These results suggest these genes are partially functionally redundant in the formation of the murine hippocampus.
Introduction
One of the most common recognized causes of intractable epilepsy in childhood is disordered development of cortical and hippocampal structures. Hippocampal malformations accompany cerebral cortical malformations in about 30% of cases (Montenegro and others 2006) , presumably because similar genetic and cellular mechanisms are utilized during development. Alternatively, hippocampal malformations may also be observed without association with cerebral cortical malformations, where they are thought to be a major contributing factor toward epilepsy (Thom and others 2002) .
Neuronal migration is a key developmental process required for histogenesis of both the cortex and hippocampus. Neurons that eventually populate cortical structures are not born in situ but instead are generated along the lining of the lateral ventricle and then migrate to the final destination. This migration appears critical for proper positioning of neurons within distinct divisions as well as proper lamination of brain structures within the cortex.
The two main structures of the hippocampus, the stratum pyramidale or cornu ammonis (CA) fields and the dentate gyrus, are formed by specific modes of cellular migration from unique proliferative zones. The pyramidal neurons destined for the CA fields are generated in a relatively large sheet of neuroepithelium along the medial wall of the lateral ventricle. The postmitotic neurons migrate along a scaffold formed by radial glial fibers to their destined cell layers in an inside-out pattern (Rickmann and others 1987) . Neurons of the dentate gyrus are generated in multiple locations, in the ventricular zone around the dentate notch (the primary dentate neuroepithelium) at early embryonic time points and in the prospective hilus of the dentate gyrus (the secondary dentate matrix) at later embryonic and postnatal stages (Stanfield and Cowan 1979; Bayer 1990a, 1990b) . The dentate gyrus is formed by a combined migration of postmitotic neurons and mitotic precursor cells. First, the postmitotic granule cells migrate from the primary neuroepithelium using radial glial scaffolds to form the primordial granule cell layer in an inside-out fashion. Subsequently, dividing precursor cells migrate radially from the secondary matrix and settle in the future hilus (tertiary matrix) in the subpial migratory stream (SMS), where these precursor cells continue to divide and produce additional granule neurons. Genetic factors are required to mediate the complex movement of multiple cell populations during hippocampal development, and disruption of these migrations are apparent in several mutants of genes that play key roles in both intracellular and extracellular signaling pathways (Li and Pleasure 2005) .
Hemizygous mutations in the human doublecortin (DCX) gene on chromosome Xq22.3 or the heterozygous mutations in the LIS1 gene on chromosome 17p13.3 lead to massive arrest of neocortical migration, resulting in classical lissencephaly, which is characterized by a severely thickened cortical gray matter and the absence of cortical gyri/sulci, as well as severely disrupted hippocampal lamination (Fig. 1) . Heterozygous mutations in DCX gene lead to double cortex syndrome, which is characterized by an abnormal band of neurons in the white matter underlying an apparently normal cortex and less severe hippocampal defects. Intractable epilepsy is one of the key clinical findings in these patients, suggesting that disrupted migration results in intrinsically epileptogenic neuronal circuitry, but the molecular basis for this epilepsy has remained unclear. Both DCX and LIS1 encode microtubule-associated proteins and appear to play required roles in dynein function, protein--protein interactions, and nuclear--centrosome coupling during migration (Gupta and others 2002; Tanaka and others 2004; Tsai and Gleeson 2005) .
Whereas human DCX mutations are associated with severely disrupted cortical and hippocampal lamination defects seen in classical lissencephaly (Barkovich and others 1991) , the mouse Dcx mutant shows no discernable neocortical defects. Instead, there is a hippocampal lamination defect involving the entire CA region, with the most severe defect in the CA3 region (Corbo and others 2002) . The basis for these phylogenetic differences has remained unclear, but one possibility is that there are genes in mouse that are partially functionally redundant with Dcx (i.e., could compensate for the loss of Dcx). Prime among such candidates is doublecortin-like kinase 1 (Dclk) (previously called Dcamkl1), which shares significant similarity in predicted protein sequence with Dcx. Like DCX, DCLK contains a repeated tubulin-binding domain and a serine-proline--rich C-terminal domain, but DCLK extends an additional 350 amino acids in the C-terminal direction and encodes for a serine--threonine kinase domain Reiner 2000, 2002) . Most of the major DCLK splice variants are expressed in the developing brain, including the hippocampus (Vreugdenhil and others 2001) , but a role for DCLK in hippocampal morphogenesis is unknown.
Materials and Methods

Histology
Brains from embryonic or neonatal mice were harvested according to University of California, San Diego, Animal Subject Protocol, fixed in 4% paraformaldehyde, cryoprotected in successive passes through graded sucrose fractions, and sectioned on a sliding microtome at 50 lm. Sections were mounted onto negatively charged microscope slides, allowed to dry, and subsequently used for immunohistochemistry. Sections were briefly hydrated in phosphate-buffered saline, blocked in 3% donkey serum, and immunostained with anti-DCX (Santa Cruz Biotechnology, Santa Cruz, CA, N19, raised in goat) or -DCLK (Lin and others 2000) (raised in rabbit) antibodies at 1:200 in 0.3% Triton-X solution overnight. Sections were rinsed and then immunostained with fluorescently tagged secondary antibodies for visualization. Specificity of signal was verified by omitting the primary antibody or by performing the immunostaining in sections from knockout mice.
Genetic Manipulation
The Dcx knockout mice were previously reported (Corbo and others 2002) and were maintained in a mixed BlackSwiss/129SvJ background. We created the Dclk knockout mice, which were maintained in the C57Bl/6/129SvJ background (Koizumi and others 2006) . The Dclk-/-mice were viable and fertile, without any obvious health defects. Standard crosses were performed in order to obtain mice of the appropriate genotype. No significant differences in hippocampal phenotypes were detected among litters or among mice of identical genotypes in a single litter. At least 4 mice of each genotype were analyzed, and anatomically matched representative sections from each genotype were compared. Brain sections were stained for cresyl violet according to standard protocol, and measurements were made using a 310 objective and a standard micrometer.
Results
Expression Pattern of DCLK and DCX
We first examined the expression patterns of DCLK and DCX in the developing hippocampus from wild-type (w.t.) mice at embryonic day 17.5 (E17.5), a time during initial lamination of the hippocampal pyramidal layer and formation of the dentate gyrus. Sections were immunostained with antisera to detect specific proteins. The N-terminal DCLK antibody detects both the full-length DCLK isoform (containing both the doublecortin and kinase domain) and the DCL isoform (containing only the doublecortin domain) but does not detect the adult-specific Cterminal kinase-only isoform (CPG16) (Burgess and Reiner 2002) . The N-terminal DCX antibody detects all known isoforms of the protein.
Expression of DCLK was noted in populations of both developing pyramidal and granule neurons that give rise to adult structures in the hippocampus. It was detected most strongly in the CA field intermediate zone, consisting predominantly of postmitotic neurons that have been shown to undergo radial migration (Fig. 2) . There was little or no expression of DCLK in the ventricular zone containing proliferative neurons that give rise to populations of pyramidal neurons. Expression of DCLK was apparent in neuronal processes of these CA field neurons extending along the perforant pathway and in the fimbria of the fornix, suggesting axonal localization. Expression was also apparent in the developing dentate gyrus, a proliferative site containing neuroblasts that will eventually give rise to dentate granule neurons.
Expression of DCX was found in a pattern highly similar to DCLK but with different relative expression levels (Fig. 2) . DCX was detected most strongly in the developing CA field of the hippocampus as well as at lower levels in the developing dentate gyrus. It was expressed but at relatively low levels in the zone of granule neuron proliferation. Some expression was also detected along the ependymal and pial lining known as the subpial granule layer (also known as the SMS) that contains migrating granule neurons (Nakahira and Yuasa 2005) , an area that showed low levels of expression of DCLK. Expression at the later time point of postnatal day 5 (P5) showed overall reduced levels in most hippocampal structures, with some preserved expression of both DCLK and DCX in the Schaffer collateral region (Fig. 2) . The SMS continued to express high levels of DCX but not DCLK. These data suggest that DCX and DCLK display overlapping but nonidentical expression patterns in populations of postmitotic neurons, in both cell bodies, and in axons of cells that will give rise to the major adult hippocampal structures.
Functional Redundancy of Dclk and Dcx in Development of the Hippocampus
In order to characterize the role of Dclk and Dcx in the hippocampus development, we analyzed hippocampal morphology in mice deficient for 1) either Dclk or Dcx gene, 2) 3 Figure 1 . Coronal image of hippocampal morphology in 2-year-old normal versus classical lissencephaly brain stained with cresyl violet. In the normal brain, the DG forms a curvilinear structure, whereas the CA pyramidal layer forms a compact and delineated C-shaped structure. In classical lissencephaly, the DG is much smaller and cells are dispersed. Also, the pyramidal layer is less compact and distinct. DG, dentate gyrus; F, fimbria of the fornix. Scale bar = 250 lm.
i70 Doublecortin Family in Hippocampal Development d Tanaka and others of these 4 alleles, or 3) all 4 alleles. Because the double knockout mice did not survive past P0, we limited our analysis to this stage, a stage at which hippocampal neurogenesis and lamination is nearing completion.
In w.t. mice at P0, we noted that the CA and dentate gyrus displayed laminar organizations, although they were not as well organized as is seen in adult mice (Fig. 3) . The average width of each is about 70--80 lm and 90--110 lm, respectively. Dcx+/+; Dclk-/-mice show a foreshortened hippocampus, likely related to the absence of the corpus callosum that is seen uniformly with this genotype (Koizumi and others 2006) . However, the overall organization and lamination of the CA field and dentate gyrus appeared similar to the w.t. Notably, there was no splitting of the CA field, and measurement of width was normal at approximately 70--80 lm. Furthermore, the dentate gyrus showed the typical C-shaped structure and also showed a normal width of approximately 110 lm.
Removal of one Dcx allele in the Dclk null background (i.e., Dcx+/-; Dclk-/-) showed a severe developmental defect, with splitting and widening of the CA region. There was no clear laminar appearance of the CA region, and the width was increased to over 100 lm (Supplementary Fig. 1) . Similarly, the dentate gyrus was diffuse in appearance, showing dispersed cells throughout the hilum and width of approximately 120 lm. The interpretation of this experiment is complicated by the fact that Dcx is X-linked, so that Dcx+/-; Dclk-/-mice are predicted to have 2 populations of neurons due to random X-inactivation: a population with a w.t. Dcx allele and a population with a mutant Dcx allele. However, the phenotype observed in these Dcx+/-; Dclk-/-mice was not simply a reflection of skewed Xinactivation because it was seen in each of several female mice of this genotype examined.
We next tested the effect of removal of one or both Dclk alleles in the Dcx knockout background. We noted that the Dcx-/y; Dclk+/+ mutant showed loosely arrayed pyramidal neuron layer, with splitting of the CA region that was most severe in the distal (CA3) region and lessened in severity in the CA2 and CA1 regions, as has been reported (Corbo and others 2002) . The CA3 region showed heterotopic neurons in the stratum radiatum as well as in the stratum oriens on either side of the pyramidal layer. The dentate gyrus did not show gross derangement in structure but was widened to approximately 120 lm. Removal of one copy of the Dclk gene from the Dcx-/y mouse (i.e., Dcx-/y; Dclk+/-) showed a somewhat more severe lamination defect, with a significant broadening of the dentate gyrus to 130 lm in width. Finally, removal of all gene copies (i.e., Dcx-/y; Dclk-/-or Dcx-/-; Dclk-/-) showed a severely disrupted hippocampus, with an extremely broad array of pyramidal and granule neurons in the hippocampus (increased to 140--160 lm and 150 lm, respectively). Furthermore, these 2 cell populations had indistinct anatomical boundaries, and there was wide splitting of the pyramidal layer over its entire width. Of note, the phenotype of the Dcx-/-; Dclk-/-was indistinguishable from the Dcx-/y; Dclk-/-, as would be expected from a similar requirement of these genes in male and female mice. We conclude from these experiments that Dcx and Dclk share function in establishment of the hippocampus.
Discussion
Dyslamination in Human Lissencephaly
Human classical lissencephaly is characterized by a severe dyslamination of both the pyramidal cell layer and the granule cell layer of the hippocampus. The basis of this malformation is currently unknown. However, both of the genes mutated in human classical lissencephaly, LIS1 and DCX, encode for microtubule-associated proteins that are distributed both in a perinuclear location and in the neuronal leading process during migration. These data suggest that these proteins are required Figure 2 . Overlapping expression of DCLK and DCX in developing murine hippocampus. Coronal sections at E17.5 and P5 labeled with antibody to DCLK and DCX. At E17.5, expression of DCLK and DCX are strongest in the developing CA field (arrowhead) and the DG (arrow). The FI of the fornix is also positive. Notably, the SMS, containing migratory granule neurons (double arrows), is positive for Dcx but largely negative for DCLK. At P5, expression of DCLK and DCX is strongest in the SC fields (arrowheads). The SMS continues to show strong DCX expression but lacks DCLK expression. DG, dentate gyrus; FI, fimbria; VZ, ventricular zone; H, hilus; SC, Schaffer collateral. Scale bar = 200 lm.
for microtubule or microtubule motor function in neuronal migration.
Genetic Interaction between Dcx and Dclk in Neuronal Migration
Interactions between Dclk and Dcx were determined based on a more severe hippocampal phenotype following stepwise gene dosage reduction. Surprisingly, the Dclk-/-mutant did not display any notable defect in hippocampal lamination, and 5-bromo-2-deoxyuridine administration at E12 or E15 did not show any displaced neurons within the hippocampus (data not shown). Similarly, the Dcx-/y or -/+ mice showed only a mild disorder of lamination of pyramidal neurons. However, removal of additional Dcx or Dclk alleles against the null background of the corresponding gene showed more severe defects in hippocampal development. The differences in phenotype between humans and mouse hippocampus with Dcx mutations have suggested that there may be redundant genes in mouse that function with Dcx. Our data suggest that Dclk is partially redundant with Dcx in mouse hippocampal development and that when compounded with Dcx mutations results in a phenotype that is very similar to the human classical lissencephaly hippocampus. Similar results were recently observed following a different knockout allele of Dclk bred to Dcx knockouts (Deuel and others 2006) , suggesting that this is not an allelespecific observation.
Impaired Hippocampal Development Likely Results from Impaired Neuronal Migration
We identified lamination defects in both the pyramidal and granule cell layers of the hippocampus in double mutant mice, as well as expression of DCLK and DCX in both cell populations, suggesting a partially redundant role for both proteins in migration in both of these cell populations. Furthermore, Dcx null mice display a defect in lamination of pyramidal neurons but no apparent defect in granule neuron positioning, suggesting that the migration of pyramidal neurons and granule neurons have differential susceptibility to deficiency in DCX or DCLK. Pyramidal neuron migration may have a greater dependency on DCX, so that DCX deficiency cannot be compensated by DCLK, whereas granule neuron migration may depend equally on DCX and DCLK. In this model, one protein can compensate the deficiency of the other, but removal of both produces a more severe defect. Similar mechanisms of differential susceptibility for neuronal migration have been reported for the very low density lipoprotein receptor/Apolipoprotein E receptor 2 receptors for reelin (Trommsdorff and others 1999) .
It seems unlikely that these migration defects are secondary to abnormal radial glia scaffolding as has been described in reelin mutant mice (Frotscher and others 2003) . Furthermore, we excluded gross defects in the radial glial scaffold based on staining with vimentin and glial fibrillary acidic protein (data not shown). Together, the data suggest a primary role for DCLK and DCX in neuronal migration in the hippocampus.
Functional Consequences of Altered Hippocampal Development A wealth of data support the concept that the hippocampus is critical for multiple phases of learning and memory in both humans and rodents. Previously, it was noted that Dcx null mice display defects in learning paradigms that were tentatively attributed to the hippocampal defect (Corbo and others 2002) . In the compound knockout mice described here, we have not tested cognitive function, but we would expect then that this hippocampal defect would be associated with an even more severe cognitive defect than that detected in Dcx knockouts alone. In Dcx+/y; Dclk+/+ section, the hippocampus shows a well-laminated CA1 and CA3 field and dentate gyrus (DG). The hippocampus in the Dcx+/+; Dclk-/-is somewhat foreshortened but shows essentially normal lamination. The Dcx+/-; Dclk-/-shows disrupted lamination, with a broadened and disrupted CA field as well as a broadened DG. The Dcx-/y; Dclk+/+ shows only mild dyslamination of the CA field with splitting that is not significantly worsened in the Dcx-/y; Dclk+/-(although the CA1 field is slightly and statistically broader). However, the Dcx-/-; Dclk-/-and the Dcx-/y; Dclk-/-show hippocampus lamination that is more severely disrupted than either of the single knockouts. *stratum radiatum, **stratum oriens. Scale bar = 400 lm.
Mice that are deficient in Lis1 show altered hippocampal anatomy and excessive excitatory neuronal potentials, which has provided a model for the epilepsy associated with lissencephaly. The hippocampus of the Lis1+/-mouse demonstrated severe neuronal dysplasia and heterotopia throughout the granule cell and pyramidal cell layers, as well as altered neuronal excitability (Fleck and others 2000) . The migration defect was associated with both anatomical disorganization and morphological abnormalities, including sparse dendritic branching in pyramidal cells and granule cell hypertrophy. Similarly, the Dcx; Dclk double mutant may prove to be a good model to study the epilepsy associated with lissencephaly. It remains to be proven whether this hippocampal defect in the Dcx; Dclk compound null mice is associated with altered neuronal morphology, excitability, or seizure susceptibility, some of which are displayed by the Lis1+/-mouse. If so, it would make an attractive model to test potential antiepileptic therapeutics that may be of use in children with intractable epilepsy due to disordered hippocampal development.
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